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ABSTRACT 
 
 The transistor laser (TL) is a novel three-port optoelectronic device that exhibits 
intrinsic advantages such as fast base spontaneous recombination lifetime, high 
differential optical gain, and low carrier injection density.  Due to these characteristics, 
we have demonstrated that the TL is able to achieve high speed resonance-free optical 
response as well as ultra-low laser relative intensity noise (RIN) reaching the “standard 
quantum limit”.  
In addition, the unique three-port electronical/optical (E/O) characteristics permit 
electrical “read-out” of optical parameters, which benefits for high speed direct 
current/voltage modulation capability.  We have demonstrated simultaneous E/O data 
modulation at 20 and 40 Gb/s, and the output signal linearity improvement of both optical 
and electrical signals of transistor lasers.  These provide TL intrinsic advantages for 
electronic/photonic integration. 
Due to the better optical cavity Q, shorter optical cavity length and smaller device 
parasitics, the vertical cavity transistor laser (VCTL) can in principle provide better 
performance than the edge-emitting TL.  We have demonstrated the selective oxide-
confined VCTL operated at -80 
o
C.  To improve the performance of the VCTL device, 
we studied the optical modal dimension effect on the modulation bandwidth, data 
modulation and laser RIN from the investigation of VCSELs.  We have demonstrated the 
small cavity oxide confined 850 nm VCSEL with ultra-low laser RIN and 40 Gb/s error-
free data transmission.  By shrinking the optical modal dimension further, the laser RIN 
is reaching the thermal limit.  These experimental investigations help to further the 
improvement in VCTL design and development. 
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1.  INTRODUCTION  
1.1 Outline of problem 
The increasing demand of high speed optical communication networks propels the 
development of the next generation high speed and low noise optical transceivers.  The 
current diode laser (DL) solution is limited by the relatively slow recombination carrier 
lifetime (~ 1 ns).  In addition, it also shows a large minority carrier accumulation and 
impedance mismatch under microwave modulation.  As a result, the directly modulated 
DL exhibits a fundamental modulation bandwidth limitation with large relaxation 
oscillation peaks.  Thus the DL exhibits severe inter-symbol interference (ISI) under 
direct modulation, which results in degraded signal fidelity and enhanced bit error rate 
(BER).   Hence it is essential to develop novel high speed optical transceivers to 
overcome these limitations.  
Besides the high modulation speed requirement, nonlinearities are critically 
important in analog optical links.  The source of nonlinearity in an optical transceiver 
originates from the conglomeration of DLs, external electro-optical modulators, 
photodetectors, and RF amplifiers which degrade the signal linearity.  Hence, 
linearization methods are required to suppress intermodulation distortion (IMD).  
Previously, optical link linearization methods employ feedback methods
1,2
 in which the 
optical output signal is converted to an electrical signal using an auxiliary photodetector.  
The converted electrical signal is fed back to modulate the laser or the external modulator 
to complete the feedback loop.  In such a complex arrangement, optical-to-electrical (O-
to-E) signal conversion losses as well as electrical-to-optical (E-to-O) delays are 
inevitable.  Hence it is essential to develop novel solutions for generating ultra-linear 
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electro-optical signals without incurring signal losses at multiple stages of auxiliary 
external electro-optical conversion circuitry. 
Reducing link noise and improving the signal-to-noise ratio (SNR) are of critical 
importance in optical communication systems.  The system noise contains the thermal 
noise of optical link, the photodetector shot noise and, most importantly, the relative 
intensity noise (RIN) of laser sources, and thus it limits the laser’s maximum available 
SNR for signal modulation.  It is essential to develop semiconductor lasers with ultra-low 
RIN so as to improve the SNR and BER to optimize performances of optical 
communication links. The laser RIN describes the relative optical power fluctuation 
around the steady optical power level. The major source of laser RIN is the interference 
between the coherent laser mode and the spontaneous light emission with random optical 
phases,
3-5
 as well as mode competition inside the laser cavity.
6 
The Fabry-Perot (FP) 
diode laser (DL) has a large peak RIN amplitude range from -110 to -130 dB/Hz
7
 
attributed to slow carrier spontaneous recombination lifetime (~1 ns) and its relatively 
large laser linewidth (> 100 MHz),
8
 which has limited its application in high performance 
optical communication systems.  To achieve high-fidelity optical signal transmission, the 
laser RIN should be limited to a certain level.   
 
1.2 Overview of the transistor laser 
Minority carrier injection and base recombination have played a critical role in the 
invention of the transistor in 1947
9
 and later in the invention and operation of 
semiconductor LEDs and DLs in 1962.
10-12
  In 2004, we have demonstrated an entirely 
new device, the transistor laser (TL), by modifying the base region of an HBT with the 
3 
 
incorporation of a quantum well and a resonant cavity.
13-19
  In the edge-emitting TL 
design, the longitudinal FP cavity is formed by cleaving the crystal, and an InGaAs 
quantum well is inserted in the p-type base, acting as a second charge collector, which 
supports stimulated emission.  Hence the TL can operate simultaneously as a transistor 
and a laser.  Due to its three-port electronic/optic operation, there is no need to split-and-
convert any optical signals back to electrical signals. Hence the O-to-E signal conversion 
losses and E-to-O delays can be avoided.  This unique feature enables the TL to provide a 
new platform for the next generation of electronic/photonic integrated circuits.  
 In addition, a TL offers the voltage-modulation and current modulation capability 
via the built-in Franz-Keldysh absorption.
20
  Compared with a DL, a TL exhibits intrinsic 
advantages of picosecond spontaneous recombination lifetimes (τB), high differential gain, 
low minority carrier injection density in quantum well (QW), and unique three-terminal 
electrical-optical characteristics permitting direct modulation and sensitive electrical 
“read-out” of the base recombination and the laser signal.21,22  The fast recombination 
lifetime enables a TL to achieve resonance-free operation under microwave modulation,
23
 
a fundamental limitation in directly modulated FP edge-emitting DLs.  These key merits 
enable the TL in future applications of high speed optoelectronic interconnects.   
 
1.3 Organization of the work 
 
The objective of this work is to measure and theoretically investigate the TL and 
the vertical cavity surface-emitting laser (VCSEL) in (i) high speed data modulation, (ii) 
signal linearization, and (iii) laser RIN characteristics.  These investigations help the TL 
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in future applications of high speed, high linearity and low noise optical transmitter and 
electronic/photonic integrated circuits.  The organization of the thesis is as follows. 
In Chapter 2, we demonstrate that a single-QW TL (cavity length L = 300 m) is 
capable of simultaneous electrical and laser output digital modulation at 20 and 40 
Gb/s.
24
  We show that by shifting the device temperature from 15 °C to 0 °C the 
threshold base current is reduced from 18 mA to 14 mA, with a smaller current gain 
(         ) above the lasing threshold, higher breakdown collector-emitter (CE) 
voltage BVCE and maximum laser output power, as well as a wider VCE range for laser 
operation.  At 0 
o
C and IB = 90 mA, the TL exhibits a modulation bandwidth f-3dB = 17 
GHz with reduced resonance peak (< 3 dB).  At the same time, the TL is able to achieve 
simultaneous "open-eye" operation at 20 and 40 Gb/s data rate transmission for both 
electrical and laser output.  By comparing the electrical and optical channel eye diagrams, 
we conclude that the data modulation capability of a TL is not limited by the base 
recombination lifetime.  Through improvements in the TL device layout design, the 
single-QW TL will be able to achieve even higher data rate digital modulation in both 
electrical and optical channels.    
In Chapter 3, we demonstrate that a three-terminal TL provides a unique compact 
and efficient active device for use in direct electro-optical feedback linearization.
25
  Due 
to the base QW carrier-photon interaction, the collector electrical feedback linearization 
with a TL does not incur signal losses at multiple stages of auxiliary external electro-
optical conversion circuitry.  Moreover, with just a single collector current feedback loop, 
the third-order intermodulation distortion (IMD) in the electrical and optical output 
signals of a transistor laser can be suppressed by as much as 18.2 dB and 8.4 dB, 
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respectively.  Hence both the collector electrical output and optical output signals can be 
improved simultaneously.  It demonstrates a clear advantage of the coupled base carrier-
photon interaction of the TL which makes possible electro-optical linearization without 
the complicated auxiliary devices and circuitry required of a DL.  
In addition to the modulation speed and linearity properties, we investigate the 
laser RIN characteristics of a TL in Chapter 4, since the laser RIN limits the laser’s 
maximum available SNR.  By reducing the laser RIN, the link noise can be reduced and 
the SNR in optical communication systems can be improved.  We discuss the theory and 
experimental measurement of RIN, and report a RIN reaching “standard quantum limit” 
with peak amplitude of -151 dB/Hz at frequency 8.6 GHz for a QW TL.
26
 We show that 
at the same bias condition, both the laser RIN spectrum and optical modulation response 
exhibit the same relaxation oscillation frequency.  Due to the fast recombination lifetime 
B (> 20x reduction compared to a DL), the TL exhibits a reduced resonance peak (< 4 
dB) under microwave modulation.  Simultaneously, the laser RIN of the TL is greatly 
reduced (~ 28 dB, the number may vary with the DL device design) as compared with a 
FP DL at the same optical output power.  In addition, we study the effect of ground state 
(GS) and first excited state (ES) transitions on the TL RIN.
27
  Due to higher differential 
gain and faster B on the first ES transition, a lower laser RIN is measured as compared 
with GS laser operation.  The minority carrier density in the base of QW TL extracted 
from the laser RIN shows a carrier density of 2.6 ~ 3.5 x 10
16
 cm
-3
, a more than 40x 
reduction from that of a conventional DL.  In this way, we demonstrate that a TL 
possesses much lower laser RIN compared to the FP DL due to the intrinsic advantage of 
picosecond recombination lifetime and a much lower carrier injection density.  
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In Chapter 5, we discuss the recent demonstration of the selective oxide-
confined
28-30
 vertical cavity transistor laser (VCTL) operated at -80 
o
C.
31
  As compared 
with an edge-emitting TL, the VCTL offers several advantages, such as a higher mirror 
reflection coefficient (R > 99.95%) and higher optical cavity Q, a reduced optical cavity 
and device parasitic capacitances.  These advantages help the VCTL to achieve lower 
laser threshold, higher bandwidth, and lower power consumption.  In this way, the three-
port VCTL provides a “breakthrough” solution for the next generation of high speed 
energy efficient optical interconnects.   In order to achieve the room temperature 
operation and improve the microwave response of the current prototype VCTL operated 
at low temperature, we need a better optical cavity and quantum well design, and better 
understanding of the optical modal volume effect on the device microwave, data 
transmission and noise performances.  In this way, we investigate the microwave and 
noise performances through optical mode control of VCSEL devices which have the 
similar cavity and QW design as the VCTLs.  We demonstrate a VCSEL device with 40 
Gb/s error-free data transmission and an ultra-low RIN down to the “standard quantum 
limit”.32  By further shrinking the optical modal volume, we demonstrate that a nano-
cavity VCSEL with larger mode spacing and better single mode behavior that can 
provide a thermal-noise- limited laser intensity noise.
33
  It is a direct consequence of low 
power laser operation and reduced mode competition in a nano-cavity as compared with 
larger modal volume VCSELs.  Our analysis shows that by employing careful cavity and 
QW design as well as optical mode control to VCTLs, the nano-cavity VCTLs can 
become an “ultimate” solution for future high speed, high fidelity energy-efficient optical 
communication systems and electronic/photonic integrated circuits.  
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2. SIGNAL MODULATION PROPERTIES OF TRANSISTOR LASERS 
In this chapter we describe and report a single QW TL (cavity length L = 300 m) 
with threshold ITH = 18 mA at 15 
o
C and 14 mA at 0 
o
C. Due to the “fast” base 
recombination lifetime (B < 29 ps), the TL demonstrates reduced photon-carrier 
resonance amplitude (< 4 dB) over its entire bias range and a modulation bandwidth f-3dB 
= 9.8 GHz at 15 
o
C for IB/ITH = 3.3, and 17 GHz at 0 
o
C for IB/ITH = 6.4.  Under the same 
bias conditions, simultaneous electrical and optical “open-eye” signal operation is 
demonstrated at 20 and 40 Gb/s data rate modulation.   
 
2.1  Material structure and band diagram  
The epitaxial structure of the TL device described in the present work consists of 
a 3000 Å n-type heavily doped GaAs buffer layer, followed by a 5000 Å n-type 
Al0.95Ga0.05As layer as lower cladding and sub-collector layers serving for lateral current 
conduction.  Above the sub-collector layer is a 200 Å GaAs n-type collector contact layer, 
a 120 Å n-type In0.49Ga0.51P etch-stop layer, followed by a 600 Å lightly doped or 
undoped AlxGa1-xAs collector layer,  and a 1000 Å p-type AlGaAs/InGaAs/GaAs TL 
base layer, including a 190 Å undoped InGaAs QW designed for recombination radiation 
at λ  1000 nm.  Above the base is a 150 Å n-type In0.49Ga0.51P emitter layer, followed by 
a 4000 Å n-type Al0.95Ga0.05As layer used for oxidization to confine the current laterally.  
The top emitter contact is made to a 1000 Å heavily doped n-type GaAs layer.  Device 
processing follows standard HBT fabrication methods.
17-19
  By etching and lateral 
oxidation,
28-30 
we reduce the emitter width to 1 µm and finally cleave the TL to a cavity 
length of 300 µm. 
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Figure 2.1  Schematic energy band diagram and charge population distribution in an n-p-
n heterojunction bipolar TL.   
 
Figure 2.1 shows the schematic energy band diagram and charge population 
distribution in an n-p-n heterojunction bipolar TL.  In contrast to the p-i-n double 
heterojunction configuration DL (B ~ 1 ns), the TL offers a faster base recombination 
lifetime (B ~ 29 ps).
23
  The major difference for the transistor structure is the zero-
charge-density boundary condition at the reverse-biased collector junction tilting the 
base-region charge and pinning it from “floating” in magnitude.  By removing the 
transported slowly recombining carriers at the collector, we clamp B in the TL to the 
same order of magnitude as the QW base region transit time (tran). 
 
2.2 Three-port DC and RF characteristics 
Figure 2.2 shows the measured (i) collector I-V and (ii) light output LI-V 
characteristics of TL at 15 
o
C (blue) and 0 
o
C (red).  The laser signature – “collector 
current gain compression” – is clearly evident from the reduced curve spacing in the TL 
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Figure 2.2 (i) Collector I-V characteristics of a single QW TL (1 m width, cavity 
length L = 300 m) displaying current gain reduction, BVCE improvement, and decreased 
laser threshold (ITH = 18 to 14 mA) as temperature is reduced from 15 
o
C (blue) to 0 
o
C 
(red).  (ii) TL optical LI-V characteristics, showing the enhanced optical output power and 
wider VCE range of laser operation as temperature is reduced from 15 
o
C to 0 
o
C. The 
blue and red open circles represent the transition from ground state to first-excited state 
laser operation. 
collector IC-VCE characteristics.  This is caused by the base carrier lifetime reduction as 
the device shifts operation from slower spontaneous to faster stimulated recombination.  
In addition, the collector I-V characteristics exhibit nonlinearity as marked by the open 
data circles.  The nonlinearity is owing to the reduction in carrier lifetime with higher 
density of states operation as the laser shifts from the QW ground state (0 ~ 1000 nm) to 
10 
 
the first-excited state (1 ~ 980 nm, data not shown).
34
  Note that the lasing transition 
(wavelength shift,0  1) is more clearly evident in the LI-V characteristics, also the 
open circles of Fig. 2.2(ii).  From the compression in current gain (the reduction in 
IC/IB) the base current at lasing threshold is ITH = 18 mA at 15 
o
C and 14 mA at 0 
o
C.  
Above lasing threshold the current gain (β = IC/IB) at VCE = 1.25 V reduces from 2.1 
(15 
o
C) to 1.1 (0 
o
C), indicating enhancement of stimulated emission at lower temperature. 
At a given base current IB, the collector-emitter (CE) breakdown voltage (BVCE) is 
defined as the VCE voltage when the collector current reaches the “compliance” level, 
IC/VCE  ∞, taken as IC = 150 mA in this work.  At IB = 58 mA the BVCE increases 
from 1.5 V (15 
o
C) to 2.3 V (0 
o
C).  The optical output LI-V characteristics reveal an 
extension in the VCE range of laser operation with reduced temperature from 0.4 - 2.2 V 
(VCE1.8 V) to 0.2 - 3 V (VCE2.8 V, see Fig. 2.2(ii)).  At lower temperature, 
optical gain increases and favors onset of stimulated emission, resulting in more base 
recombination and photon generation.  A larger portion of the emitter carrier injection 
recombines with holes and a smaller portion is collected, yielding a smaller current gain 
and larger laser output.  With smaller collector current and smaller breakdown probability, 
the VCE range of laser operation increases.   
Figure 2.3 shows the measured optical microwave response of a TL with cavity 
length L = 300 m at 15 oC (blue) and 0 oC (red).  The bias setting parameters are VCE = 
1.0 V, IB = 36, 45, and 60 mA at 15 
o
C; and VCE = 1.25 V, IB = 28, 60, 90 mA at 0 
o
C.  
Because the TL is a three-terminal device, a three-port calibrated Parametric Network 
Analyzer (PNA) is employed for microwave response measurements.  For IB = 60 mA 
and VCE = 1 V at 15 
o
C, f-3 dB = 9.8 GHz with a 4 dB resonance peak; and for IB = 90 mA 
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and VCE = 1.25 V at 0
o
C, f-3 dB = 17 GHz with a 3 dB resonance amplitude.  The optical 
responses are modeled as previously
35
 with the coupled carrier-photon rate equations first 
formulated by Statz and deMars (1960).
36
  By fitting the measured optical response, we 
obtain the effective spontaneous recombination lifetime (including all the parasitic 
charging delays) B,eff = 54 ps at 15 
o
C and 44 ps at 0 
o
C.  Since the device input 
parasitics have not been separated and removed, the intrinsic spontaneous recombination 
lifetime B should be even faster than B,eff.  According to device data employing the 
same crystal material and structure, the intrinsic B is less than 29 ps.
23
  Note that B is 
about ~ 1 ns for a DL and ~ 0.4 ns for a microcavity VCSEL;
37-39
 in contrast the TL 
exhibits ~ 30 times reduction in B as a consequence of the transistor structure and the BC 
transport and pinning of the base charge (a tilted charge). 
 
Figure 2.3  Measured and fitted optical frequency response of a single-QW TL at various 
base currents, T = 15 
o
C and VCE = 1 V (blue); and T= 0 
o
C and VCE = 1.25 V (red).  The 
reduced carrier-photon resonance (< 4 dB) is owing to the “fast” base recombination 
lifetime eff (54 ps at 15 
o
C and 44 ps at 0 
o
C, including all the parasitic charging delay). 
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2.3 Simultaneous electrical and optical channel data modulation at 20 – 40 Gb/s  
Figure 2.4 shows the unfiltered electrical (blue) and optical (red) eye diagram 
comparison of TL operation at 20 Gb/s (i, ii) and 40 Gb/s (iii) data rate.  The test 
conditions are (i) IB = 60 mA, VCE = 1 V, T = 15
o
C; (ii) IB = 60 mA, VCE = 1.25 V, T = 
0
o
C; and (iii) IB = 90 mA, VCE = 1.25 V, T = 0
o
C.  To measure the eye diagram we use an 
Agilent 81250 43.2 Gb/s ParBERT signal generator to generate a 20 and a 40 Gb/s NRZ 
2
15
-1 bit length pseudorandom binary series (PRBS 15) pattern with Vpp = 0.7 V ac 
voltage swing.  The electrical RF signal is applied to the BE junction of the TL, and the 
laser output is collected by a multimode fiber and sent to a New Focus 1414-50A 
photodetector with 25 GHz bandwidth.  The converted electrical signal is amplified by a 
40 GHz bandwidth, 16 dB gain broadband amplifier.  An Agilent 86100C DCA-J high 
speed wideband oscilloscope is used to record the actual eye diagram.  At the same time, 
the collector electrical output of the TL is fed to another port of the oscilloscope to record 
the electrical channel eye diagram.  By adjusting the relative phase delay, we overlap the 
electrical and optical eye with the electrical channel “eye” becoming a natural “mask” of 
the optical channel “eye”.  It shows that the TL exhibits simultaneous electrical and 
optical “open-eye” operation at 20 Gb/s for both 15 oC and 0 oC, and 40 Gb/s for 0 oC. 
Due to the same shape of optical and electrical eye diagrams at each data rate, the rise 
and fall times of optical channel eye diagrams are the same as the electrical channel.  
Note the carrier recombination is only involved in the optical channel signal delivery and 
not a bottleneck in signal delay.  Otherwise the rise/fall time in the optical channel will 
become larger than in the electric output.  In other words, the TL modulation bandwidth 
is limited by the extrinsic parameters, e.g., the BE carrier injection time delay, rather than 
13 
 
the intrinsic optical modulation bandwidth.  Also B should be faster than the effective 
carrier spontaneous recombination lifetime B,eff (~ 44 ps).  By improving the device 
layout design (its doping and geometrical configuration), we should find it possible to 
achieve higher modulation bandwidth and transmission data rates.  Note also that a 17 
GHz modulation bandwidth can support 40 Gb/s data rate transmission.  The data rate to 
 
Figure 2.4   Simultaneous collector electrical (blue) and optical (red) channel output eye 
diagrams at 20 Gb/s and 40 Gb/s data rates for a 300 m cavity length TL: (i) 20 Gb/s eye 
diagram at T = 15 
o
C, IB = 60 mA and VCE = 1 V; (ii) 20 Gb/s and (iii) 40 Gb/s eye 
diagram at T = 0 
o
C, IB = 90 mA and VCE = 1.25 V.  For comparison the optical channel 
(red) eye diagrams are shifted to overlap with the reference collector electrical channel 
output (blue).  
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bandwidth ratio is 2.35 Gbps/GHz, much higher than the diode laser case (~ 1.25x).  This 
is owing to the reduced resonance amplitude (~ 3 dB) of the TL, which can eliminate 
“overshoot” and generate better eye signal quality.  A reduced resonance amplitude, or 
even resonance free operation, is a unique characteristic of the TL and its fast 
recombination lifetime.  
Concluding, we show that by shifting the device temperature from 15 °C to 0 °C a 
single QW TL (cavity length L = 300 m) shows a reduced threshold base current from 
18 mA to 14 mA, a smaller current gain above lasing threshold, a higher BVCE and 
maximum laser output power, as well as a wider VCE region of laser operation.  At 0 
o
C 
and IB = 90 mA, the TL exhibits a modulation bandwidth f-3dB = 17 GHz with reduced 
resonance peak (< 3 dB).  At the same time, the TL is able to achieve simultaneous 
"open-eye" operation at 20 and 40 Gb/s data rate transmission for both electrical and laser 
output.  By comparing the electrical and optical channel eye diagrams, we conclude that 
the data transmission is not limited by the base recombination lifetime.  Through 
improvement of the TL device layout design, the single QW TL will be able to achieve 
even higher data rate transmission in two channels (electrical and optical).   
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3.  SIGNAL LINEARITY PROPERTIES OF TRANSISTOR LASERS 
3.1 Signal linearity in analog optical links and proposed solution 
In Chapter 2, we show that a single QW TL is capable of simultaneous electrical 
and laser output data transmission at 20 and 40 Gb/s, which demonstrates the modulation 
capability in high speed optical digital communication systems.  For the high speed 
analog system applications, the signal linearity during the generation and transmission 
will be another important concern.  In this chapter, we show the three-port QW TL is able 
to provide a unique solution for generating ultra-linear electro-optical signals.  With a 
simple collector current feedback loop, the third-order intermodulation distortion (IMD) 
in the electrical and optical output signals of the TL can be suppressed by as much 18.2 
dB and 8.4 dB, respectively.  These results show that the TL can be used for direct 
electro-optical feedback linearization, because of the base QW carrier-photon interaction, 
without incurring signal losses at multiple stages of auxiliary external electro-optical 
conversion circuitry.   
Nonlinearities are of major concern in optical links transmitting more than 10 mW 
of power.  The source of nonlinearity in an optical transceiver originates from the 
conglomeration of diode lasers, external modulators, photodetectors, and RF amplifiers. 
Hence, linearization methods are required to suppress intermodulation distortion (IMD).  
Previously optical link linearization methods have employed feedback methods
1,2
 in 
which the output optical signal is converted to an electrical signal using an auxiliary 
photodetector with supporting circuitry.  The converted electrical signal is fed back to the 
laser or the external modulator to complete the optical-electrical-optical feedback loop.  
16 
 
In such a complex arrangement optical-to-electrical (O-to-E) signal conversion losses as 
well as electrical and optical (E-to-O) delays are inevitable.     
As a three-port signal and laser source, the TL offers a unique solution for 
feedback linearization.
25
  In the TL the electron-hole base recombination (IB) and 
collector carrier capture (IC) are competing processes fundamental to the transistor 
operation.  The TL, like a transistor, contains the usual electrical collector (IC, output port 
1) that, in reverse bias, acts as a “sink” for all the injected carriers that transport and 
survive e-h recombination in the QW base (“optical collector” hv, output port 2).  The 
recombination in the base of a TL converts the electrical input signal into a coherent 
optical signal (a unique TL optical source).  The electrical collector of the TL acts as a 
sensitive “readout” of the base recombination, operating in inverse amplitude to the laser 
signal.
21,22
  Hence, the collector signal (electrical) offers a feedback signal that can be 
used for convenient signal linearization.  For example, we have recently employed a 
collector current feedback loop to effect temperature compensation and stabilization of 
the laser power of a TL.
40
  In the present work, we demonstrate that collector current 
feedback control can be used to suppress the third-order IMD of TL and enhance the 
output signal linearity of both the optical and electrical output.   
 
3.2 TL optical/electrical linearity enhancement with collector current feedback 
The epitaxial crystal structure of the TL described in the present work has been 
described in detail in Chapter 2.  Critical to the operation of the TL is the 1000 Å p-type 
AlGaAs/InGaAs/GaAs TL base layer, which includes on top a 190 Å undoped InGaAs 
QW designed for recombination radiation at λ ~ 1000 nm, and a 150 Å n-type 
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Figure 3.1 (i) Collector I-V characteristics of a single QW TL (cavity length L = 200 m) 
displaying current gain compression owing to shift from spontaneous (I < ITH) to 
stimulated (I > ITH) recombination at 12 
o
C. (ii) Single facet laser output LI-V 
characteristics, showing the enhanced optical output power above threshold.  The open 
circles represent the bias setting for the linearity measurement in this dissertation. 
In0.49Ga0.51P emitter layer that forms the emitter-base heterojunction.  Device processing 
follows standard HBT fabrication methods.
18,19
  The TL with a lateral oxidation emitter 
width of 1 µm and a cavity length of 200 µm yields a collector IC–VCE output 
characteristic (12 
o
C) as shown in Fig. 3.1(i) and a single facet optical power L-VCE 
characteristic measured by an integrating sphere as shown in Fig. 3.1(ii).  The TL 
collector I-V characteristics display current gain compression owing to the shift from 
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spontaneous (I < ITH = 20 mA) to stimulated (I > ITH) recombination. The single facet TL 
optical output versus collector voltage, L-VCE output characteristics of Fig. 3.1(ii), as 
expected, reveals enhanced optical output power above threshold.  The transistor laser is 
biased at fixed base current (IB) and collector-emitter voltage (VCE) as the quiescent 
operation point, hence, constant collector current and optical power output are expected. 
The open circles represent the quiescent bias settings (IB = 30 mA and VCE = 1.5 V) for 
the signal linearity measurements of this paper. 
To investigate the TL feedback linearization, we measure the linearity of the 
collector electrical and optical output with and without collector feedback.  At the 
quiescent point, we employ a two-tone input signal at distinct fundamental frequencies, f1 
and f2, held constant at equal power.  The TL output signals contain the fundamental 
tones, as well as the IMD products at mf2 - nf1 (m, n integers) resulting from the 
nonlinearities of the device.  Filters of narrow bandwidth are extremely difficult to 
implement.  Therefore, the third-order IMD tones at 2f2 - f1 and 2f1 - f2, being the closest 
to the fundamental frequencies, are of utmost concern.  The desired ideal linear output 
signal is an exact copy of the input signal; hence, the goal is to suppress the third-order 
IMD tones as much as possible with respect to the fundamental tones, and increase the 
third-order side mode suppression ratio (SMSR), defined as the ratio of the output power 
in the fundamental tone and the third-order IMD tone.   
Figure 3.2 shows the two-tone intermodulation experimental arrangement for the 
TL that enables simultaneous characterization of the linearity of the optical output signal 
and the collector electrical signal. The TL is biased at a given DC base current, IB, and at 
the collector-emitter (CE) port with a DC voltage, VCE.  An Aeroflex 2026 CDMA 
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Figure 3.2   Experimental arrangement for TL electrical feedback test. f1 and f2 are two 
input RF signals, ESA: the electrical spectrum analyzer, PD: the photodetector, G: the 
amplifier gain. The TL is biased at a given IB and VCE. 
Interferer Multisource Generator is used to generate two fundamental frequencies, f1 and 
f2, with a relatively small offset frequency (|f2 – f1|/f1 < 0.5%).  The two input signals at 
fundamental frequencies f1 and f2 are introduced into a power combiner and a bias-Tee 
used to modulate the base current of the TL.  The IMD signals can be measured on an 
electrical spectrum analyzer (ESA) by choosing the appropriate resolution bandwidth 
(RBW) for the electrical and optical signal to reduce the noise “floor” below the IMD 
signal levels.   The optical nonlinearity of the TL is originated from the charging 
processes in the base-emitter (BE) junction capacitance (CBE), the base diffusion 
capacitance (Cdiff) and the base stimulated recombination.  However, the collector current 
nonlinearity includes not only optical nonlinearity but also the charging process of base-
collector (BC) junction capacitance CBC.  Hence, compared with the optical output the 
collector current contains a different distortion.  In the present work, the AC component 
of the collector electrical output signal is fed back to the base input.  The purpose of the 
feedback signal is to supply an auxiliary electrical input signal that has nearly the same 
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spectral content as the original input signal and carefully adjust appropriate feedback 
amplitude and phase so that the resulting third-order IMD components in the output 
signal ideally cancel to zero.  The fundamental tones and third-order IMD products in the 
collector signal can, in principle, be predistorted before they are fed back to the input 
terminal.  Because the output collector voltage is 180 degrees out-of-phase with respect 
to the input signal in a common-emitter configuration, a transmission line is used in place 
of the predistorter to preserve the phase of the feedback signal, and in order that a simple 
combiner can be employed at the input for signal addition.   
 
Figure 3.3  Effect of collector feedback on the TL collector and optical RF output 
spectra.  The bias is IB = 30 mA and VCE = 1.5 V, and the fundamental frequencies set as 
f1 = 20 MHz and f2 = 20.05 MHz. 
 
The bias conditions for the TL are set at IB = 30 mA and VCE = 1.5 V for linearity 
measurements.  The two carrier frequencies are set at f1 = 20 and f2 = 20.05 MHz to 
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minimize the contribution of nonlinearities, delays and parasitic effects arising from 
peripheral circuit components, including the optical fiber, electrical cables, connectors, 
photodetector and amplifier, G. The collector output gain with feedback at the 
fundamental frequencies is reduced by 5 dB (Fig. 3.3 (i)). However, the output power of 
the third-order IMD at 2f1 – f2 = 19.95 and at 2f2 – f1 = 20.1 MHz is further suppressed by 
as much as 23.2 dB, and the SMSR improved to 18.2 dB.  The optical output SMSR is 
40.3 dB, equal to the collector SMSR, prior to applying any collector feedback.  With 
collector feedback, the optical output SMSR is increased to 48.7 dB, a further third-order 
IMD suppression of 8.4 dB.  The results indicate a clear improvement in the purity of 
both the electrical and optical output signal (more linear outputs) with collector feedback           
The measurement demonstrates that the three-port TL provides a compact natural 
solution for the feedback linearization, a simple transmission line is sufficient to 
demonstrate simultaneous improvement of both collector electrical and optical output 
linearity.  This is due to the “built-in” predistortion function in the TL.  Generally, the 
optical signal and collector electrical output signal in the TL have different sources of 
signal distortion.  The collector output distortion arises not only from the nonlinearity of 
base-emitter (BE) junction capacitance (CBE) and diffusion capacitance (Cdiff), but also 
from the nonlinearity of base-collector junction capacitance CBC and the 
transconductance (gm) nonlinearity from the base-collector junction currents.  By small 
signal expansion we can approximate the current through CBC and gm as       
             and                    
       
   .  Here        
           
       
   , vBC and vBE are the AC voltage across the base-collector 
and base-collector junction respectively.  Here cn (gn) is the n
th
 (n = 0, 1, 2 …) order 
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derivative coefficients of CBC (iCgm) with respect to vBC (vBE).  Since vBC and vBE contain 
the fundamental as well as the nonlinear harmonic distortion frequency components, both 
of the nonlinear current outputs, iCbc and iCgm, will distort the collector current output, but 
not affect the base region optical output.  On the other hand, the optical output has its 
own intrinsic nonlinearity which can be analyzed by use of the Statz-de Mars rate 
equation.
36
  Hence the collector electrical output itself is a built-in signal predistorter for 
the optical output linearization.  Due to the different signal distortion in the collector and 
optical ports, it is necessary to precisely control the collector feedback gain and phase to 
linearize the collector and optical outputs simultaneously.   
Concluding, we show that the three-port TL provides a unique compact and 
efficient active device for use in electro-optical signal linearization using simple direct 
collector (electrical) feedback without incurring significant signal-losses and use of 
complicated external multiple-stages of O-to-E or E-to-O conversion devices and 
circuitry.  Moreover, with just a single feedback loop, both the collector electrical output 
and optical output signals can be improved simultaneously, demonstrating the clear 
advantage of the coupled base carrier-photon interaction of the TL which makes possible 
electro-optical linearization without the complicated auxiliary devices and circuitry 
required of a diode laser.  
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4. NOISE CHARACTERISTICS OF TRANSISTOR LASERS 
4.1 Introduction to the laser relative intensity noise 
Besides the modulation speed and data/energy efficiency properties, system noise 
or the SNR of the optical link is another major concern.  The overall noise is contributed 
by laser RIN, the system thermal noise, and the photodetector shot noise.  Among these 
noises the dominant noise is the laser RIN, since it limits the maximum available SNR 
range.  The laser RIN describes the relative optical power fluctuation around the average 
optical power level, which is defined as  
   |         
〈   〉
    
                                                                                        (4.1) 
Here 〈   〉 is the power spectral density of optical intensity fluctuation at frequency f 
within 1 Hz bandwidth, and      is the average optical power.  
The laser power fluctuation is significantly dependent on the laser properties, 
modulation and optical back reflections. As revealed by the coupled carrier-photon rate 
equations,
36
 the major sources of laser RIN come from the interference between the 
coherent laser mode and the spontaneous light emission,
3-5
 as well as the mode 
competition and hopping inside the laser cavity.
6
  To achieve high fidelity optical signal 
transmission, the laser RIN should be limited to a certain level.   
The FP DL has a large peak RIN amplitude range from -110 to -130 dB/Hz
7
 
attributed to a slow carrier spontaneous recombination lifetime (~1 ns) and its relatively 
large laser linewidth (> 100 MHz),
8
 which has limited its application in low noise optical 
communications.  Hence it is essential to develop semiconductor lasers with ultra-low 
laser RIN so as to improve the SNR and BER and therefore to optimize the noise 
performance of communication links.  In this dissertation, we report a QW TL reaching 
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the “standard quantum limit” of laser RIN with a resonance frequency at 8.6 GHz and 
peak amplitude of -151 dB/Hz.
26
  The RIN spectrum shows a well-defined peak at the 
relaxation oscillation frequency, which corresponds to the same resonance frequency as 
the optical frequency response.  In addition, we study the effect of ground state (GS) and 
the first excited state (ES) transitions on the TL RIN.
27
  Due to higher differential gain 
and faster recombination lifetime B on the first ES transition, a lower laser RIN is 
measured as compared with GS laser operation. The minority carrier density in the base 
of QW TL extracted from the laser RIN shows a carrier density of        cm-3, a more 
than 25x reduction from that of a conventional DL.  In this way, we demonstrate that a 
TL exhibits much lower laser RIN as compared with the FP DL due to the intrinsic 
advantage of picosecond B and a much lower carrier injection density.  
 
4.2 Theory and measurement techniques of laser relative intensity noise  
The intrinsic laser RIN can be characterized from the single mode rate equations
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with Langevin noise sources,
3-5
 expressed as 
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Here IB, N, and P are respectively the bias current, recombination carrier population, and 
the photon population, V is the active region volume, and   is the effective optical gain.  
The B and     are the base spontaneous recombination lifetime and photon lifetime, 
          is the average spontaneous emission rate coupled into the lasing mode.  
The        is the typical value of the spontaneous emission factor for the standard 
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edge emitting FP semiconductor laser.  The       and       are the Langevin noise 
sources describing the carrier density and photon number fluctuation through generation-
recombination and spontaneous emission process. By assuming the correlation time of 
the noise sources is much shorter than the relaxiation time    and     (Markovian 
process), the Langevin sources satisfy the so-called diffusion relation,
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By applying small-signal analysis of coupled rate equations, the intrinsic laser optical 
frequency response and laser RIN spectrum can be expressed as: 
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Here    √
     
 
         and     
     
     are the resonance angular frequency 
and damping factor, A0 is a constant, and   is the microwave modulation frequency.  The 
              ̅      ,     and    are respectively the Schawlow-Townes laser 
linewidth, effective differential carrier lifetime and the photon energy.  The  ̅       is the 
average photon population inside the cavity, which is directly proportional to the single 
facet optical output power           ̅        .  The    and    are the light group 
velocity inside the cavity and the facet loss, and        is the “standard quantum limit” 
of laser RIN.  By fitting the measured optical frequency response and laser RIN spectrum 
at each bias condition, we can extract   ,  , and    , from which the minority carrier 
density N/V in the QW and    can be obtained.  
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Figure 4.1   Calculated (i) optical responses and (ii) RIN spectra of semiconductor lasers 
under the same bias (IB/ITH = 3) but with different B from 1 ns to 10 ps. 
 
Figure 4.1 shows the calculated (i) optical responses and (ii) RIN spectra of 
semiconductor lasers under the same bias condition (IB/ITH = 3) but with different B from 
1 ns (DL like) to 10 ps (TL like).  By reducing B from 1 ns to 10 ps, the modulation 
bandwidth can be enhanced from 2 to 20 GHz, and the relaxation oscillation peak 
amplitude is reduced from 20 to 1 dB.  Since the relaxation oscillation contributes to the 
distortion in the time-domain output waveform of the laser, a large relaxation oscillation 
will degrade the signal quality of the transmitted eye-diagram.  At the same time, the 
peak amplitude of RIN is reduced from -115 to -153 dB/Hz by reducing B from 1 ns to 
10 ps, which results in significant total laser intensity noise for the same laser output 
power reduction. In this way, a laser with a fast recombination lifetime B (< 30 ps) can 
provide lower resonance amplitude and laser RIN, as well as larger modulation 
bandwidth and better signal quality. 
The previous theoretical analysis of RIN is based on the single mode rate 
equations.  The real edge-emitting FP semiconductor laser devices normally operate at 
multimode, which exhibit the coupling between longitudinal cavity modes via the carrier 
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density and nonlinear gain.
42,43
  As a result, the semiconductor lasers with an insufficient 
side mode suppression ratio (SMSR < 40 dB) show low frequency enhancement on the 
laser RIN spectrum.  The substantially enhanced low frequency laser RIN is the so-called 
mode partition noise.  By extending the single mode to multimode rate equation analysis, 
the mode partition noise can be well understood.
44
    
Although the laser RIN is defined as the laser relative power spectral density in 
optical domain, it is much easier to measure the laser RIN in the electrical domain. Hence 
we need to convert the optical signal to the electrical signal by a high speed photodetector 
and measure the power density of detected electrical signal. In the electrical domain the 
laser RIN can be expressed as
45,46
  
   |         
               
          
                                                                               
Here            is the average power of the photocurrent, and                 is the power 
spectral density of the intrinsic laser intensity noise at frequency f measured in the 
electrical domain, which can be expressed as  
             [             ]                                                        (4.7) 
       is the power spectral density of total system noise measured by the electrical 
spectrum analyzer (ESA), and        is the system thermal noise.           is the shot 
noise of the photodetector.  By carefully removing the thermal noise and the PD shot 
noise contribution from the measured system noise power spectral density, we can get the 
intrinsic laser RIN. 
Figure 4.2 shows the schematic of our TL RIN measurement system.  We use an 
Agilent 4142B source/monitor to bias the TL at a constant base current IB and collector-
emitter voltage VCE.  The laser output is collimated by an anti-reflection coated lens and 
28 
 
passes through a free space Faraday optical isolator (isolation > 30 dB).  The collimated 
laser beam is focused into an optical fiber and sent into a 25 GHz bandwidth 
photodetector.  The optical coupling efficiency to the fiber is 88 ~ 92%.  A wideband 
bias-tee is used to separate the converted electrical signal to a DC photocurrent and an 
AC signal component.  The DC photocurrent (Idc) is monitored by a digital multimeter, 
and the separated AC signal is amplified by two cascaded amplifiers, each with 13.5 GHz 
bandwidth, 5.8 dB noise figure, and 21 dB power gain.  An Agilent N9020A electrical 
spectrum analyzer (ESA) is used to record the measured amplified electrical noise 
spectrum       , which includes the laser intensity noise from the TL and shot noise 
from the photodetector as well as the system thermal noise.  All the lightwave receiver 
electronics are operated at 25 
o
C.  Since the system thermal noise is independent with the 
laser input power, we can turn off the laser and keep the operation of the photodetector 
and amplifiers to measure the system thermal noise spectrum        by the ESA.  The 
intrinsic laser RIN can be expressed as: 
   |      
[             ]              
         
                                                      
Here              
    is the DC electrical average power at the output of photodetector, 
RL is the load resistance of the amplifier input, and G is the total amplifier power gain.  
                 is the shot noise power of the photodetector under the average input 
laser power   , and          is the DC photocurrent out of the photodetector.  After 
removing the contribution of system thermal noise and photodetector shot noise, the 
intrinsic laser RIN can be extracted. 
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Figure 4.2   Schematic of the TL RIN measurement system setup. ESA: electrical 
spectrum analyzer, DMM: digital multimeter for DC current/voltage monitor. 
 
 
Figure 4.3   Effect of laser back reflection on the intensity noise. (i) and (ii) are 
measurements with different frequency spans. Here the resolution bandwidth (RBW) of 
ESA during the measurement is chosen at RBW = 100 kHz, total amplifier power gain is 
42 dB, and the thermal noise is included.   
 
Due to the high gain in semiconductor lasers, the external optical resonant cavity 
that forms between a reflection (such as a fiber connector) and back-facet mirror of the 
laser can severely enhance the noise of a semiconductor laser and affect the extraction of 
the intrinsic laser RIN.
45,46
  Hence in the semiconductor laser RIN measurement setup, 
the optical isolator is essential to prevent signal reflection back into the laser cavity and 
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the consequent laser gain disturbance. To illustrate the effect of laser back-reflection, we 
remove the optical isolator and measure the total system noise. It exhibits the periodic 
noise peaks with frequency spacing    = 1.09 GHz and 18 MHz, as shown in Fig. 4.3. 
The measured periodic noise peaks directly depends on the external cavity length: (i) the 
distance from the laser back-facet mirror to the input fiber connector is         cm, 
which gives mode spacing                   GHz; (ii) the distance from the laser 
back-facet mirror to the output fiber connector is      m, which gives mode spacing 
                  MHz.  The results show that the laser back reflection can cause 
a periodic frequency ripple in the laser RIN.  To extract the intrinsic laser RIN correctly, 
an optical isolator with sufficient isolation (> 30 dB) is necessary to prevent the optical 
back reflection to the laser cavity during the semiconductor laser RIN measurement.     
 
 
4.3 Measured relative intensity noise characteristics of transistor lasers  
The epitaxial crystal structure and device processing procedures of the TL 
described in the present work has been described in detail in Chapter 2.  Figure 4.4(i) 
shows a scanning electron microscope (SEM) top view image of the TL device 
metallized in a common emitter configuration.  The emitter, base and collector metal are 
respectively labeled as “E”, “B” and “C”.  Figure 4.4(ii-iv) displays the optical spectra of 
an edge-emitting TL measured at collector-emitter (CE) voltage VCE = 1.5 V and at base 
currents (ii) IB = 30, (iii) 40, and (iv) 70 mA, respectively.  Note that at IB = 70 mA the 
TL shows the laser operation on both the QW GS transition (0 = 983.6 nm) and the first 
ES transition (1 = 971.6 nm). 
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Figure 4.4 (i) SEM top view image of a TL device metallized in a common emitter 
configuration.  (ii-iv) Optical spectra of an edge-emitting TL measured at T = 0 
o
C and 
VCE = 1.5 V.  The bias currents are IB = 30, 40, and 70 mA. 
 
The measured TL collector IC-VCE characteristics are shown in Fig. 4.5(i), and the 
single facet optical output versus collector voltage L-VCE characteristics are shown in Fig. 
4.5(ii).  The TL collector I-V characteristics display collector current gain compression 
(the reduction in IC/IB) owing to the shift from slow spontaneous (IB < ITH = 25 mA) to 
fast stimulated (IB > ITH) recombination, the fingerprint of TL operation.  The black, red 
and blue open circles represent the quiescent bias settings for the optical spectra and laser 
RIN as well as optical frequency response measurements.  Note that the lasing transition 
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(wavelength shift,0  1, see Fig. 4.4) is clearly evident as kinks in the L-VCE 
characteristics of Fig. 4.5(ii).  The kinks are due to the carrier lifetime reduction and the 
differential gain enhancement with higher density of states operation as the laser shifts 
from the QW ground state (0) to the first excited state (1).
34
  
 
 
Figure 4.5 (i) Collector IC-VCE characteristics and (ii) optical output power versus 
VCE (L-VCE) of a single QW TL (1 µm width, L = 300 µm) at 0 
o
C. The threshold current 
of the TL is 25 mA with the open circles indicating the bias point for optical spectra and 
laser RIN, and optical response measurements for comparison. 
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Figure 4.6   Bias dependent (i) optical response and (ii) RIN of the TL device at T = 0 
o
C, 
VCE = 1.5 V.  Note the correspondence of the resonance peak between the optical 
response and the RIN. 
 
Figure 4.6 displays the measured (i) optical microwave response and (ii) RIN of 
an edge-emitting TL with laser cavity length L = 300 m at 0 oC.  The bias setting 
parameters are VCE = 1.5 V, IB = 30, 40, and 70 mA.  To measure the electrical and 
optical microwave response of the TL, a three-port PNA is employed and carefully 
calibrated.  According to the single mode Statz-deMars carrier-photon coupled rate 
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equations,
36
 the intrinsic laser optical frequency response is described by the transfer 
function in Eq. 4.4.  By fitting the measured optical frequency responses as shown in Fig. 
4.6(i), both    and   for each bias condition can be obtained.  In addition, the effective 
spontaneous recombination lifetime (including all the parasitic charging delays) can be 
extracted as B,eff = 48 ps at 0 
o
C.  After separating and de-embedding device input 
parasitics,
35
 we expect the intrinsic spontaneous recombination lifetime B to be even 
smaller.  Note that the B of a DL is about ~ 1 ns; hence the TL exhibits > 20 times 
reduction in B as a consequence of the tilted base charge, a benefit of the collector 
terminal functioning as a “collector” of slower recombining carriers.23   
Figure 4.6(ii) shows the measured intrinsic RIN of TL.  From the rate equations
36
 
with Langevin noise sources
3-6
 the laser RIN spectrum can be expressed as in Eq. 4.5.  
The RIN spectrum shows a well-defined peak at the relaxation oscillation frequency, 
which corresponds to the same resonance peak frequency as in the optical transfer 
function (Eq. 4.4).  The measurements here confirm the correspondence of resonance 
frequency between both measurements.  In addition, the low frequency portion of the 
RIN is contributed mainly by the mode partition noise,
6,43,44
 which comes from the mode 
competition and mode hopping inside the laser cavity (the multimode optical spectrum is 
shown in Fig. 4.4).  By improving the SMSR of the TL to above 40 dB, we are able to 
greatly reduce the mode partition noise and the total laser RIN with a single mode TL.  
 The fast recombination lifetime of the TL provides not only the nearly resonance-
free microwave optical response, but also the large reduction of the laser RIN.  Figure 4.7 
shows a comparison between the laser RIN of a TL and that of a DL.  We use a Thorlabs 
L980P010 single-mode DL for the comparison.  Both the TL and DL are FP edge-
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emitting semiconductor lasers.  By using the same Agilent 4142B source/monitor, both 
the TL and DL share the same electrical power supply current noise.  In addition, the 
fiber coupling efficiencies for DL and TL are finely controlled at the same level (~ 90 %).  
By adjusting the bias condition of both lasers so as to give the same optical output power 
(P0 = 4 mW), we set the same photodetector shot noise (        ) and “standard 
quantum limit” (      ).  Figure 4.7 shows the DL has a resonance peak at 2.1 GHz 
with a peak RIN amplitude of -123.5 dB/Hz.  In contrast, the TL shows a resonance peak 
at 8.6 GHz with a peak RIN amplitude of -151 dB/Hz.  In addition, the TL RIN reaches 
the standard quantum limit        (-160 dB/Hz at    = 4.0 mW).  Note that a 
conventional FP semiconductor laser has a larger linewidth (> 100 MHz for typical FP 
DL)
8
 than a distributed feedback (DFB) DL (< 100 kHz for the state-of-the-art DFB DL, 
1 ~ 10 MHz for the typical DFB DL),
47,48
 the FP TL exhibits comparable or even lower 
RIN than the DFB DL.  Since the RIN of the semiconductor laser is also dependent on 
the cavity length, facet reflection, differential gain and p-doping level, etc., the amplitude 
of TL RIN improvement as compared with the DL may also vary with these factors.  But 
our major conclusion remains the same that the fast recombination lifetime of a TL not 
only improves the microwave modulation bandwidth and reduces the resonance 
amplitude, but also helps in the large reduction of laser RIN.  By improving the device 
design and increasing the SMSR of the TL, we can suppress the mode partition noise of 
the TL further.  Hence, a TL reaching the “standard quantum limit” of RIN can be 
achieved and be widely used in high speed and high fidelity optical communication 
systems.  In addition, it can be used also to determine the noise figure of other 
optoelectronic components, such as semiconductor optical amplifiers. 
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Figure 4.7  Comparison of the RIN between a transistor laser and a comparable diode 
laser. The optical power of each coupled into a fiber is 4 mW, with the coupling 
efficiency around 88 ~ 92%.  
 
 In summary of this section, we have fabricated a single QW FP TL (cavity length 
L = 300 m) and presented laser RIN and RF measurement data.  We show that at a 
given bias IB and VCE, both the laser RIN and optical microwave modulation 
measurements exhibit the same resonance frequency.  Due to the fast recombination 
lifetime (> 20x reduction compared to a DL), the TL exhibits a reduced resonance peak 
(< 4 dB) under microwave modulation.  Simultaneously, the laser RIN is greatly reduced 
(~28 dB, the number may vary with the DL device design) as compared with a FP DL at 
the same optical output power.  Given the similar laser linewidth of the FP DL (much 
larger than a DFB laser), the TL (in contrast) is able to achieve comparable laser RIN as 
the DFB laser.   
 
37 
 
4.4 Effect of quantum state transition on the transistor laser RIN  
In this section, we report the laser RIN measurement results of a single QW TL on 
the ground state (GS) and first excited state (ES) transitions.
27
  Because of higher 
differential gain and faster recombination lifetime B on the first ES transition, a lower 
laser RIN is measured as compared with GS laser operation.  The minority carrier density 
in the base of QW TL extracted from the laser RIN shows a carrier density of 2.6 ~ 3.5 x 
10
16
 cm
-3
, a more than 40x reduction from that of a conventional DL. Due to the intrinsic 
advantage of picosecond B and a much lower carrier injection density, an FP TL exhibits 
much lower laser RIN as compared to the FP DL.  
 
Figure 4.8 Schematic band diagram of a TL illustrating the tilted base charge distribution 
due to the zero-charge-density boundary condition imposed by the reverse-biased 
collector junction field. The TL RIN from the GS and first ES transitions in the base QW 
are labeled with the corresponding laser wavelengths.   
Figure 4.8 shows the schematic band diagram and charge distribution of an n-p-n 
single QW TL with cavity mirrors.  EC and EV respectively denote the conduction and 
valence band edge.  The IE, IB, and IC are the externally supplied emitter (E), base (B), 
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and collector (C) currents, respectively.  Since the nearly zero-charge density boundary 
condition imposed by the reversed-biased BC junction, the collector draws the non-
recombined electrons out of the base region and results in a tilted-charge population in 
the base region. Een and Ehn (n = 0, 1, 2 …) respectively denote the n
th
 electron and hole 
bound states in the base QW.  RIN(0) and RIN(1) denote the laser RIN from the GS 
transition (hv0 = Ee0 – Eh0) and the first ES transition (hv1 = Ee1– Eh1). 
Figure 4.9 shows the (i) collector IC-VCE and (ii) single facet optical output power 
L-VCE characteristics of a single QW TL (L = 300 m) measured at 0 
o
C.  The threshold 
current (ITH) for the GS lasing is clearly shown from the collector current gain ( = 
IC/IB) compression in the IC-VCE characteristics. The current gain compression is due 
to the transistor operation shifting from slow spontaneous (IB < ITH = 22 mA) to fast 
stimulated (IB > ITH) base recombination.  By increasing IB or VCE, we observe the lasing 
state transition (GS:  the first ES:1) clearly as kinks shown in both the IC-VCE and 
L-VCE characteristics.
21,34
  The kinks are due to the carrier lifetime reduction and the 
differential gain enhancement with higher density of states as the laser shifts operation 
from the QW GS (0) to the first ES (1).  The laser operation shift (  1) with 
increasing VCE can be understood from the photon-assisted tunneling induced bandfilling 
process.
34
  At fixed IB, the transistor BE junction voltage VBE is fixed; hence the CB 
junction voltage VCB (= VCE – VBE) increases with increasing VCE.  In the presence of 
laser operation, the photon-assisted tunneling occurs via internal photon absorption at the 
reverse biased BC junction (as shown in Fig. 4.8), and higher VCB induces stronger 
photon absorption and tunneling.
15,34,49
  In this manner, IC increases and the laser power 
decreases at higher VCE.  Simultaneously, holes are re-supplied to the base QW, which 
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induces higher current injection from emitter to base and higher band filling in the base 
QW.  In this case, the TL switches laser operation from the QW GS (0) to the first ES 
(1).  The red and blue open circles represent the quiescent bias settings (IB = 50 mA, VCE 
= 1.0 and 2.0 V) for the optical spectra, microwave response and laser RIN measurements.  
Figure 4.10 displays the measured TL optical spectra at above bias settings.  At VCE = 1.0 
V, the TL shows lasing on the QW GS transition (0 ≈ 993 nm), and at VCE = 2.0 V 
lasing occurs on the first ES transition (1 ≈ 971 nm). 
 
Figure 4.9 (i) Collector IC-VCE and (ii) optical output power L-VCE characteristics of 
a single QW TL at 0 
o
C. The threshold current is IB,TH = 22 mA. The open circle (red) 
indicates the bias point (IB = 50 mA, VCE = 1.0 V) for GS transition (0) and the open 
circle (blue) indicates the bias point (IB = 50 mA, VCE = 2.0 V) for the first ES transition 
(1). 
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Figure 4.10   Optical spectra for the TL measured at T = 0 
o
C and bias current IB = 50 mA. 
The TL exhibits lasing on the QW ground state transition (0 ≈ 993 nm) at VCE = 1.0 V, 
and on the first excited state transition (1 ≈ 971 nm) at VCE = 2.0 V. 
 
Figure 4.11 displays the measured and theoretical fitting of TL (i) optical 
microwave response and (ii) RIN at 0 
o
C.  The details of optical microwave response and 
laser RIN measurement are reported in Chapter 4.2.  As shown in the Fig. 4.11, the 
measured optical modulation response and laser RIN show the same resonance frequency 
at the same bias condition.  By changing VCE from 1.0 V to 2.0 V, the resonance 
frequency extends from 5.0 GHz to 7.3 GHz, and peak amplitude of laser RIN reduces 
from -142.3 to -146.3 dB/Hz.  Note that the total laser RIN is the integrated laser RIN 
spectrum over the bandwidth of the specific system; hence the modulation bandwidth 
expands and the total laser RIN is reduced by switching the laser operation from the GS 
to the first ES.     
41 
 
 
Figure 4.11   Measured and theoretical fitted (i) optical response and (ii) RIN for the TL 
operating at QW GS transition (0 ≈ 993 nm) and the first ES transition (1 ≈ 971 nm).  
 
By applying small-signal analysis of rate equations, the intrinsic laser optical 
frequency response and RIN spectrum are expressed as in Eq. 4.4 and Eq. 4.5. By fitting 
the measured optical frequency response and laser RIN spectrum at each bias condition, 
we can extract   ,  , and    , from which the minority carrier density N/V in the QW 
and    can be obtained.  From the measurement results, the extracted effective 
spontaneous recombination lifetime (including all the parasitic charging delays) are        
= 55 ps at VCE = 1.0 V and 47 ps at VCE = 2.0 V.  These results show that by switching 
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the lasing state from the GS to the first ES,        reduces from 55 ps to 47 ps and the 
relaxation oscillation frequency       extends from 5.0 to 7.3 GHz, a direct 
consequence of larger differential gain (      ) in the first ES.  Note that after 
separating and de-embedding the device input parasitics,
35
 we conclude the intrinsic    
will be even smaller (         ).  In addition, the extracted minority carrier (electron) 
density N/V changes from          to           cm-3 as the TL switches from GS to 
the first ES, which is consistent with the photon-assisted tunneling induced band filling 
process.  It has also the same order of magnitude as the previous charge-control 
analysis.
50
  Note that although laser operation on the first ES has a slightly higher carrier 
density N/V and higher laser-mode-coupled spontaneous emission    , it still exhibits a 
lower RIN than GS operation.  It is due to a larger differential gain and faster relaxation 
oscillation (extension of      ) on the first ES operation.   
Figure 4.12 shows a comparison between the laser RIN of a TL operated at GS 
and that of a DL.  As shown in the figure, the TL laser peak RIN is about 28 dB lower 
than a FP DL with the same output power.  By using the same procedure and empirical 
parameter value of  , we extract the carrier lifetime and carrier density in the QW of DL 
from the fitting of measured DL RIN, which are         ns and           
   
cm
-3
.  Hence, the TL exhibits a faster    (~ 10x smaller) and a lower injected carrier 
density N/V (~ 40x smaller) inside the QW than the DL.  In this way, the carrier 
fluctuation and laser RIN of the TL is greatly lower than the DL.
26
 Note that the carrier 
injection will not only affect the laser intensity fluctuation but also the phase fluctuation, 
which causes linewidth broadening.
34
  This results from the spontaneous emission 
induced random optical phase and the carrier injection induced optical index change. 
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Reducing the carrier density in the QW should greatly reduce the laser linewidth 
broadening of the TL as compared with a DL.  The laser linewidth measurement can be a 
direct way to investigate such effect. 
 
Figure 4.12 Comparison of the RIN between a TL operated at GS and a comparable 
DL. The optical output power is set at 1.6 mW for both the TL and DL. 
 
 Concluding, we have fabricated a single QW FP TL (cavity length L = 300 m) 
and presented optical modulation response and laser RIN measurement data at both GS 
and the first ES laser operation.  We obtain the resonance frequency extension (5.0  7.3 
GHz) and peak amplitude of laser RIN reduction (-142.3  -146.3 dB/Hz) on the first 
excited state laser operation as compared with the GS operation.  This is due to a higher 
differential gain induced recombination lifetime reduction (55  47 ps >10x smaller than 
the DL) on the first excited state.  The minority carrier density in the QW of the TL is 
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extracted as                   cm-3 from the laser RIN fitting, which is > 40x 
lower than a conventional FP DL at the same optical output power.  Due to the faster    
and lower carrier density N/V, the TL exhibits a greatly reduced laser RIN as compared 
with a FP DL.   
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5. TOWARD THE HIGH SPEED VERTICAL CAVITY TRANSISTOR LASER 
5.1 Demonstration of vertical cavity transistor laser and its advantages 
To achieve a high speed directly modulated laser, it is essential to understand the 
carrier and photon dynamics inside the laser cavity.  In this way, we need to understand 
and optimize the optical cavity design and microwave parasitics of the devices.  For the 
common edge-emitting DLs, the modulation speed is limited to around 10 Gb/s owing to 
the relatively long cavity length (200 ~ 400 m) and slow recombination lifetime (B ~ 1 
ns).  For a DL to achieve energy efficient operation at above 20 Gb/s data modulation, a 
high Q short vertical cavity for photon confinement and the lateral oxidation process
28
 for 
current confinement are required.  The resultant device is an oxide-confined VCSEL.
29,30
   
In a similar way, the edge-emitting TL (cavity length 200 ~ 400 µm) has shown a 
“resonance-free” operation with 20 GHz bandwidth at a relatively low bias condition 
(IB/ITH = 5) due to fast B (~ 29 ps),
23
 which provides an intrinsic advantage over the 
edge-emitting DL.  On the other hand, the edge-emitting TL still has a relatively low 
reflection coefficient of the facet mirror (R ~ 0.3).  In order to provide enough optical 
gain to overcome the mirror loss, a relatively long cavity length (L ≥ 200 m) is required.  
Hence the edge-emitting TL still exhibits relatively large device parasitics, which limit 
the improvement of the modulation bandwidth.  To pursue a directly modulated laser for 
higher modulation speed and higher data/energy efficiency, a vertical cavity transistor 
laser (VCTL) with high “Q” distributed Bragg reflector (DBR) mirrors offers several 
merits over an edge-emitting TL.  First of all, the VCTL has a higher mirror reflection 
coefficient (R > 99.95%) and optical cavity Q (lower optical loss).  Second, the oxide-
confined VCTL has a reduced optical cavity length (down to half an optical wavelength ~ 
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0.15 m), which results in a better carrier and optical modal confinement.  Furthermore, 
the emitter width of a VCTL can be laterally scaled down to 1 m so that the parasitic 
capacitances can be reduced.  In this way, the nano-cavity VCTL, in addition to fast B (< 
30 ps), can achieve lower ITH and higher bandwidth (up to 100 GHz) with lower power 
consumption. 
 
 
Figure 5.1 Calculated data/energy efficiency (Tb/J) vs. data rate (Gb/s) for copper 
interconnect and optical interconnect by diode lasers (VCSELs, oxide-VCSELs, 
Microcavity VCSELs) and transistor lasers.
68
 
 
Figure 5.1 shows the calculated data/energy efficiency bounds for DL and TL 
transmitters and the published results of VCSELs, oxide-confined and microcavity 
VCSELs.
 39,51-67
  Only the transmitter power consumption is included, the driver circuit’s 
power consumption is not included.  The modulation speed of VCSELs (DLs) with ITH = 
0.2 mA (black line) is limited at data rate < 50 Gb/s with data/energy efficiency < 5 Tb/s 
at 40 Gb/s.  In contrast, due to the faster B, the TL with ITH = 0.2 mA (red dash line) can 
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achieve data modulation at data rate > 50 Gb/s with data/energy efficiency > 20 Tb/J.  
For comparison, the data/energy efficiency of copper interconnects (length = 0.5 m) is 
also shown.  Due to resistance and skin effects, the loss of copper interconnects increases 
exponentially with the data modulation rate.  Hence, copper interconnects are not suitable 
for the high speed signal transmission (> 25 Gb/s) over a long distance (> 10 m). 
Consequently, due to the modulation speed limitation it is clear that directly modulated 
DLs are not applicable for high speed and high density applications such as next-
generation data centers and supercomputers.  In contrast, due to the faster B, smaller 
optical cavity volume, lower mirror loss, lower parasitics, and lower ITH, the three-port 
nano-cavity VCTL will be a “breakthrough” solution for next-generation high speed 
energy-efficient optical interconnects. 
 Recently we have demonstrated low threshold n-p-n VCTLs with improved cavity 
confinement by trench opening and selective oxidation.
31
  The oxide-confined VCTL 
with 6.5 x 7.5 µm
2
 oxide aperture dimension demonstrates a threshold base current at 1.6 
mA and an optical power of 150 µW at IB = 3 mA operating at -80 
o
C due to the 
mismatch between the quantum well emission peak and the resonant cavity optical mode.  
The VCTL operation switching from spontaneous to coherent stimulated emission is 
clearly observed in optical output power L-VCE characteristics. The collector output IC – 
VCE characteristics demonstrate the VCTL can lase at transistor’s forward active mode 
with a collector current gain β = 0.48. 
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Figure 5.2  (i) The schematic of selective oxidation confined VCTL. The emitter metal 
(EM) is evaporated on top of the DBRs, and the trench is open behind EM for lateral 
oxidation underneath the EM for current and optical mode confinement. The base metal 
(BM) surrounds the cavity with BM-to-cavity distance less than 2 μm. (ii) The optical 
microscopic image shows the VCTL device with the oxidation confined aperture of 6.5 x 
7.5 μm2 (yellow box).  
 
The material structure of VCTL consists of 35 pairs of Al0.12Ga0.88As/Al0.9Ga0.1As 
for the bottom DBRs, followed by the light-emitting transistor structure with two 
undoped In0.2Ga0.8As QWs in p
+
- GaAs base.  Above the In0.49Ga0.51P emitter, a 98 nm 
Al0.98Ga0.02As is grown as the selective oxidation layer. Finally another 24 pairs of 
Al0.12Ga0.88As/Al0.9Ga0.1As DBRs are grown, followed by an n
+
-GaAs cap for emitter 
contact.  Figure 5.2 shows (i) the schematic of the oxide-confined VCTL and (ii) the 
optical microscopic image of the completed device. The lateral oxidation from the trench 
confines the device aperture to 7.5 x 6.5 µm
2
 (shown as a yellow rectangular region) at 
the front of the emitter contact.   
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Figure 5.3 (i) Collector output  IC – VCE and (ii) optical output L – VCE characteristics of 
a 6.5 x 7.5 µm
2
 aperture VCTL operating at -80 
o
C.  The laser threshold current is ITH = 
1.6 mA (blue line).  From IB < ITH to IB > ITH, the device shifts operation from 
spontaneous to coherent stimulated recombination process in the base.    
 
Figure 5.3 shows the measured (i) collector output IC - VCE and (ii) optical output 
L-VCE characteristics of the VCTL device with 7.5 x 6.5 µm
2
 aperture.  Due to the 
mismatch between the quantum well emission peaks and the resonant cavity optical 
modes, the measurement is taken under -80 
o
C to align and maximize the resonant 
emission. The black curves indicate the spontaneous emission operation region of VCTL, 
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corresponding total emission power below 2 µW @ IB = 1.5 mA. When IB is increased to 
1.6 mA (the blue curve), the emission intensity exhibits a huge jump and the VCTL 
switches to coherent stimulated emission as shown in the red curves.  The total emission 
power increases from 2 µW to over 150 µW when bias current IB increases from 1.6 mA 
to 3 mA.  The optical L-VCE characteristics clearly show that the lasing operation starts at 
VCE > 2V and IB > 1.6 mA. Together with IC - VCE characteristics, they indicate that the 
device can generate stimulated emission not only at saturation mode, i.e. both emitter-
base (EB) and base-collector (BC) junctions are forward biased, but also at the forward 
active mode, i.e. the EB junction is forward biased while the BC junction is reverse 
biased. The forward active operation shows that our VCTL can operate with tilted-charge 
configuration and reduced carrier lifetime. 
Currently the VCTL is operated at low temperature (< -40 
o
C) due to the 
mismatch between the quantum well emission peak and the resonant cavity optical mode.  
In order to achieve the room temperature operation of VCTL, we need iterations of layer 
design so that the quantum well and doping parameters can be fine-tuned to match the 
resonant cavity optical mode and provide enough laser gain for a sustainable stimulated 
emission process.   
Due to the similar vertical cavity structure it is better for us to investigate the 
carrier and photon dynamics in VCSELs.  From this we can test the cavity and mirror 
design in the VCSEL, which help us to accumulate the design experience of cavity and 
QWs in VCTL and achieve the room temperature operation of VCTL.  In addition, the 
development of high speed VCSELs helps to understand the oxide confinement and 
optical modal volume effect on the carrier dynamics.  Hence in following sections we 
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focus on the development and characterization of the high speed and low noise VCSELs, 
and investigate the modal volume effect on the laser modulation bandwidth and RIN.  In 
this way, we can optimize the oxide aperture design and optical mode control, which help 
to improve the microwave performance of the VCSEL and VCTL.    
 
5.2 VCSEL device with 40 Gb/s error-free operation and ultra-low laser RIN  
In this section, we report a high speed oxide-confined 850 nm vertical cavity 
surface emitting laser with threshold current ITH = 0.53 mA and optical modal dimensions 
d0 = 4.6 m at room temperature (20 °C).  The device exhibits a modulation bandwidth of 
21.3 GHz at I = 5.3 mA (limited by photodetector bandwidth), and it demonstrates 40 
Gb/s error-free data transmission at I = 6.5 mA, indicating a high data/energy efficiency 
2.32 Tb/J at 40 Gb/s data rate.
32
  In addition, the laser relative intensity noise of the 
device reaches the standard quantum limit of at I/ITH = 10.  These key merits enable the 
application of VCSEL devices in future high speed and high fidelity optical 
communication systems.   
 
5.2.1 Device structure and fabrication 
The InGaAs QW VCSEL wafer is obtained from a commercial vendor (Land 
Mark Optoelectronic Corporation, Taiwan).  The layer structure (from bottom to top) is: a 
GaAs substrate, next n-type GaAs layers, interleaved by 40 pairs of n-type 
Al0.15Ga0.85As/Al0.9Ga0.1As DBR layers; above the bottom DBR mirror is the active 
region with three In0.1Ga0.9As QWs separated by undoped Al0.3Ga0.7As separate 
confinement heterostructure (SCH) layers followed by the top DBR mirror, which 
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contains 22 periods of carbon-doped Al0.15Ga0.85As/Al0.9Ga0.1As layers, including an 
Al0.97Ga0.03As layer for oxide aperture.  The VCSELs are fabricated by first evaporating 
the p-type contact, and then the DBR mesa is defined and formed with inductively 
coupled plasma (ICP) dry etching.  The oxide apertures are then formed by wet oxidation 
with careful oxidation time calibration and monitoring.  After oxidation, the standard 
metallization of the n-contacts is then performed and annealed, followed by 
bisbenzocyclobutane (BCB) planarization, via-hole etching, and pad metallization to 
complete the fabrication of the VCSEL devices.  Figure 5.4 shows the SEM of (i) top 
view and (ii) cross-section of the device. The top and bottom metal contact as well as the 
oxidation confinement layer and the active region are clearly shown in the figure. 
 
Figure 5.4  (i) Top view and (ii) cross-section SEM images of the VCSEL device.  
 
5.2.2 Experimental results and analysis 
The VCSEL device is probed directly on the wafer via a Picoprobe 50 GHz GSG 
probe with stable temperature control.  An Agilent 4142B source/monitor is used to bias 
the VCSEL device at constant current.  The laser output is collimated by an anti-
reflection coated lens and passes through an optical isolator (isolation > 30 dB) to reduce 
the laser’s back-reflection into the cavity.  The collimated laser beam is focused into a 3 
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meter OM4 50 m diameter multimode optical fiber, and the optical coupling efficiency 
to the fiber is around ~ 92%.  The VCSEL L-I curve and the optical spectrum 
characteristics are measured by a calibrated photodetector and an Advantest Q8384 
optical spectrum analyzer, respectively.   
 
Figure 5.5  L-I-V curves of the VCSEL device at 20 
o
C, with threshold ITH = 0.53 mA.  
 
Figure 5.6  Optical spectrum of the VCSEL device at I/ITH = 3.  The mode spacing 
between the first two lowest modes is 1.0 nm. 
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Figure 5.5 shows the measured L-I-V curves for the VCSEL device at 20 
o
C, the 
threshold current is ITH = 0.53 mA.  At room temperature, the differential resistance at 
bias I = 6.5 mA is around 95 Ω.  Figure 5.6 displays the optical spectrum of the VCSEL 
device at I/ITH = 3.  The mode spacing between the first two lowest modes is 1.0 nm.  
Following the previous optical modal analysis of VCSELs,
37,38
 we estimate the lateral 
optical mode dimensions to be d0 = 4.6 m.   
 
Figure 5.7 Measured optical response of the VCSEL device biased at I/ITH = 1.1 ~ 10. 
The -3 dB optical modulation bandwidth at I/ITH = 10 is 21.2 GHz, and the corresponding 
resonance amplitude is 2.1 dB. 
 
To measure the electrical and optical microwave response of VCSEL device, an 
Agilent PNA with two-port calibration is employed.  The microwave signal from port 1 
of the PNA is fed into an Agilent 50 GHz bias Tee through a flexible 2.4 mm microwave 
cable, and sent to the device through the GSG probe.  The laser is coupled to the 
multimode fiber and sent to a New Focus 1414-50 photodetector with 25 GHz bandwidth.  
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The converted electrical signal is sent to port 2 of PNA to measure the microwave 
response.  Figure 5.7 shows the measured optical response of the VCSEL device at I/ITH 
= 1.1 ~ 10.  The -3 dB optical modulation bandwidth at I/ITH = 10 is 21.2 GHz, and the 
corresponding resonance amplitude is 2.1 dB.  Note the bandwidth of the VCSEL is 
limited by the speed of the photodetector.  By employing a photodetector with faster 
response, the modulation bandwidth of the VCSEL device can be further improved.  
 
Figure 5.8 Eye diagrams of the VCSEL device operating at 40 Gb/s with PRBS 7 
data sequence.  The bias current is I = 6.5 mA at 20 
o
C, and the corresponding voltage 
swing amplitude is Vpp = 0.5 V. 
 
In order to measure the eye diagram and the bit error rate, we use an Agilent 
81250 43.2 Gb/s ParBERT signal generator to generate a 40 Gb/s NRZ 2
7
-1 bit length 
pseudorandom binary series pattern (PRBS 7) with ac voltage swing Vpp = 0.5 V.  The 
data modulation signal is fed into the device through the Agilent 50 GHz bias Tee and the 
50 GHz GSG probe.  The fiber coupled laser signal is sent to the New Focus 25 GHz 
bandwidth photodetector.  The converted electrical signal is amplified by a 40 GHz 
bandwidth and 16 dB gain Picosecond Pulse Labs 5882 broadband amplifier and sent to 
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an Agilent 86100C wideband sampling oscilloscope with a 50 GHz Agilent 86117A 
receiver module for eye diagram capture.  By connecting the photodetector and the 
amplifier to the Agilent 43.2 Gb/s ParBERT error analyzer, the BER of the VCSEL 
device under test can be measured.  In order to measure the BER against received optical 
power, we use a continuously variable neutral density filter to attenuate the optical power 
coupled into the optical fiber and measure the corresponding BER.  
 
Figure 5.9 Measured BER of the VCSEL device operating at 40 Gb/s with PRBS 7 
data sequence.  The bias current is I = 6.5 mA at 20 
o
C, and the corresponding voltage 
swing amplitude is Vpp = 0.5 V. 
 
Figure 5.8 displays the eye diagram of the VCSEL device operating at 40 Gb/s 
with PRBS7 data sequence.  The bias current is I = 6.5 mA at 20 
o
C, and the 
corresponding voltage swing amplitude is Vpp = 0.5 V.  The VCSEL device under test 
shows a clear open-“eye” at 40 Gb/s.  Figure 5.9 shows the measured BER as a function 
of detected optical power under the same device bias condition and ac voltage swing as 
the eye diagram measurement.  Error-free transmission (BER < 10
-12
) was achieved at 
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optical power P > 1.33 mW.  At optical power P = 1.73 mW, it shows no error for more 
than 1 hour (total acquisition bits >         ).   
Based on the BER measurement, we can calculate the data/energy efficiency at 40 
Gb/s for the VCSEL device under test.  The data/energy efficiency is defined as the data 
rate for which the device can operate with BER < 10
-12
 at a given bias current divided by 
the corresponding power consumption          .  For the current bias setting, the 
data/energy efficiency is calculated to be 2.32 Tb/J or 431 fJ/Bit.  As compared previous 
reported 40 Gb/s error-free VCSEL results,
66
 our device shows better data/energy 
efficiency.  Note that the bandwidth of photodetector we use is limited at 25 GHz, and the 
responsivity is not high enough.  By employing the photoreceiver with larger bandwidth 
and better impedance matching, it is possible to extend the device performance to achieve 
error-free operation at higher data rate.  
In addition to the modulation bandwidth and the data transmission speed, system 
noise is an important parameter for characterizing the SNR of the optical communication 
systems.  The major source of system noise is the laser RIN, which limits the maximum 
available SNR of the laser during signal modulation.  By definition, the laser RIN 
characterizes the relative amplitude of optical power fluctuation around the average 
optical power level.  It comes from the laser mode competition as well as the optical 
interference between the coherent laser mode and the spontaneous light emission.  A laser 
with low RIN is essential in the pursuit of high fidelity optical transmission.  
In addition to the high speed data modulation characterization of the VCSEL 
device, we measured the laser RIN of the same device under test.  The details of laser 
RIN measurement and extraction are similar as in Chapter 4.2.  Figure 5.10 shows the 
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measured laser RIN of VCSEL device at I/ITH = 1.1 ~ 10.  At high bias current I = 5.3 
mA (I/ITH = 10) with a laser output power P0 = 1.28 mW, the laser RIN reaches the 
“standard quantum limit”        = -154.3 dB/Hz.
33,69-71
  As compared with the larger 
modal dimension VCSEL devices, the current VCSEL device with smaller optical modal 
dimension exhibits lower laser RIN, which is due to the less mode competition inside the 
smaller optical cavity volume.
33,70,71
  The results indicate that it can be widely used in the 
high fidelity optical transmission systems.   
 
Figure 5.10   Measured laser RIN of VCSEL device at I/ITH = 1.1 ~ 10.  At I/ITH = 10, the 
RIN reaches the standard quantum limit (      ) of laser RIN.  
 
In summary of this section, we present a high speed oxide-confined 850 nm 
VCSEL with threshold current ITH = 0.53 mA and an optical modal dimension of 4.6 m 
at 20 °C.   At I/ITH = 10 it shows a modulation bandwidth of 21.3 GHz (limited by 
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photodetector bandwidth) and reaches standard quantum limit of laser RIN.  It also 
demonstrates 40 Gb/s error-free data transmission at bias condition I = 6.5 mA, indicating 
a high data/energy efficiency 2.32 Tb/J at 40 Gb/s data rate.   Based on the high speed 
data modulation and low laser RIN properties, the VCSEL device is capable in future 
application of high speed and low noise energy-efficient optical interconnects. 
 
5.3 Relative intensity noise characteristics of nano-VCSELs 
As compared with the large aperture VCSEL devices, the nano-cavity VCSEL 
exhibits lower threshold current, larger mode spacing and better single mode behavior.  
Hence due to the Purcell effect,
72
 the nano-VCSEL exhibits a faster recombination rate 
and larger modulation bandwidth under the same I/ITH.  Furthermore, due to the lower 
threshold current, the nano-VCSEL consumes much lower power to produce the same 
modulation speed as compared to the larger aperture VCSEL device.  In addition to the 
modulation bandwidth and data/energy efficiency, it is important to investigate the 
optical mode volume effect on the laser RIN, which may enable us to reduce the laser 
RIN and improve the system SNR.  
In this section, we report on the measured laser RIN and excessive noise figure 
(NFE) for three VCSELs with different calculated optical modal dimensions from D1(7.1 
m), D2(4.6 m) to D3(2.5 m) as a nano-VCSEL.  For VCSEL D1, the laser RIN is 
relatively high and saturated by the large mode partition noise at high bias.  For VCSEL 
D2, the laser RIN has reduced and reached to the standard quantum limit at high bias.  
The nano-VCSEL D3 exhibits a nearly 0 dB NFE and a laser intensity noise power below 
the room temperature thermal limit (-174 dBm/Hz) as a consequence of reduced mode 
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competition in the nano-cavity and low power laser operation  The experimental results 
of nano-VCSELs indicate that by shrinking down the optical modal dimension, the nano-
VCTL with ultra-low threshold can play essential roles in the pursuit of high speed and 
low noise energy-efficient optical communications.   
 
Figure 5.11 The L-I curves for D1, D2 and D3 devices at 20 
o
C.  The threshold current 
for three devices are 0.82 mA (D1), 0.53 mA (D2), and 0.13 mA (D3).  Inset shows 
optical spectrum of nano-VCSEL D3 at I/ITH = 3 and mode spacing between the first two 
lowest modes is 3.1 nm.   
 
The VCSEL layer structure and process details have been reported previously.  
Figure 5.11 shows the L-I curves for VCSEL devices D1, D2 and D3 at 20 
o
C.  The 
threshold current (ITH) are 0.82 mA (D1), 0.53 mA (D2), and 0.13 mA (D3).  The 
quantum efficiency       for single mode nano-VCSEL D3 is lower (0.16 W/A) as 
compared to D1 (0.36 W/A) and D2 (0.35 W/A) potentially because of material growth 
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and process variation as well as higher defect concentration introduced into the device 
during oxide fabrication and high differential resistance for smaller aperture.  The inset 
shows the optical spectra of nano-VCSEL D3 at I/ITH = 3.  The nano-VCSEL exhibits 
mode spacing of 3.1 nm between two lowest modes and the SMSR is 35.6 dB.  For 
comparison, the measured mode spacing of D1 and D2 at the same I/ITH (= 3) are 0.42 
nm and 1.0 nm, respectively (data not shown), and the corresponding SMSR for D1 and 
D2 are respectively -2.0 dB and 2.7 dB.  Assuming a rectangular shape oxide 
aperture,
37,38
 we can calculate the lateral optical modal dimensions d0 from the measured 
mode spacing to be d0 = 7.1 m (D1), 4.6 m (D2) and 2.5 m (D3).  The corresponding 
oxide aperture dimensions are estimated as 6.5 m (D1), 4.0 m (D2) and 2.0 m (D3). 
 
Figure 5.12 Measured optical response of VCSEL devices D1, D2 and D3 at I/ITH = 2, 
5, and 10. The -3 dB optical modulation bandwidth at I/ITH = 10 is 20.4, 21.1, and 22.6 
GHz for D1, D2 and D3, respectively.   
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Figure 5.12 displays the measured optical microwave response of VCSEL devices 
(i) D1, (ii) D2 and (iii) D3 at 20 
o
C for bias setting parameters at I/ITH = 2, 5 and 10.  We 
employ a PNA with two-port calibration to measure the electrical and optical microwave 
response of VCSEL devices.   When the devices are low biased at I/ITH = 2, the -3 dB 
bandwidth (f-3dB) increases from 8.6 GHz (D1) to 10.6 GHz (D2) and 11.8 GHz (D3) as 
the cavity volume reduces.  At medium bias I/ITH = 5, the f-3dB increases from 15.6 GHz 
(D1) to 18.3 GHz (D2) and 19.7 GHz (D3).  These results are the direct consequence of 
the “Purcell effect”72 which shows the electron-hole spontaneous recombination lifetime 
(B) reduction in devices with small cavity volume (fewer modes) as compared to the 
devices with larger cavity volume.
37-39
  From the carrier-photon coupled rate equation 
analysis,
36
 the nano-VCSEL device with smaller B provides a larger modulation 
bandwidth than the larger volume VCSEL devices biasing at the same I/ITH.  When the 
devices are high biased at I/ITH = 10, the  f-3dB increases from 20.4 GHz (D1) to 21.1 GHz 
(D2) and 22.6 GHz (D3) and are limited by thermal and extrinsic parasitic resistance and 
capacitance. 
To measure the RIN, the VCSEL devices are biased at constant current.  We 
follow the same measurement procedure as previous reported in Section 4.2.  Figure 5.13 
shows the measured laser RIN of devices (i) D1 and (ii) D2 for laser bias current I/ITH = 
1.1 ~ 10.  For VCSEL D1 (d0 = 7.1 m), it shows higher laser RIN due to the large mode 
partition noise at high bias current I = 8.2 mA (I/ITH = 10) with a laser output power P0 = 
1.59 mW.  In addition, it shows several resonance peaks which may come from 
polarization fluctuation.
73
  For VCSEL D2 (d0 = 4.6 m), the laser RIN reaches the 
standard quantum limit        = -154.3 dB/Hz at high bias current I = 5.3 mA (I/ITH = 
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10) with a laser output P0 = 1.28 mW.  The results indicate that the device with a smaller 
optical modal dimension exhibits lower laser RIN, which is due to the less mode 
competition inside the smaller optical cavity volume.
16,17
   
 
Figure 5.13   Measured laser RIN of devices D1 and D2 for I/ITH = 1.1 to 10.  D1 shows 
higher RIN than the “standard quantum limit” at I/ITH = 10 due to the mode partition 
noise and polarization fluctuation.  In contrast, D2 shows the laser RIN saturates to the 
standard quantum limit,       .  
 
The extraction of the laser RIN depends on the accuracy of the system noise and 
thermal noise measurement.  If the measured total system noise power is close to the 
thermal noise power, the laser RIN extraction can result in big errors during the thermal 
noise subtraction.  In this case, excessive noise figure        is used to characterize the 
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noise figure enhancement due to the laser source itself and it also indicates the dynamic 
range of laser intensity noise measurement.         is defined as  
               
     
     
         
      
      
                                                 
where   is the power spectrum of the transmitted signal.  For the same photo-receiver 
link, the thermal noise power        is the same for all the VCSEL devices at all bias 
conditions.  Hence, a larger        indicates a larger        and higher laser intensity 
noise power.   
 
Figure 5.14  (i - iii) Measured excessive noise figure NFE of VCSEL devices (i) D1, (ii) 
D2 and (iii) D3 for I/ITH = 1.1 to 10.  (iv) Comparison of measured NFE of VCSEL D1 
(7.1 m), D2 (4.6 m) and D3 (2.5 m) at the same optical power (P0 = 90 W).   
 
Figure 5.14 (i-iii) shows the measured        of devices (i) D1, (ii) D2 and (iii) 
D3 for I/ITH = 1.1 to 10.  The        of devices D1 and D2 shows clear resonance peaks 
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with amplitude > 6 dB (D1), and < 3 dB (D2) under bias I/ITH = 1.1 to 10.  In contrast, the 
measured        of nano-VCSEL D3 is nearly 0 dB for whole measurement frequency 
range and all the bias I/ITH = 1.1 ~ 10.  The results indicate that the laser intensity noise 
of nano-VCSEL is limited by the system thermal noise floor.  Figure 5.14(iv) shows the 
measured        of VCSEL devices at the same optical power, P0 = 90 W, the 
resonance peak amplitude of NFE for D1, D2 and D3 are 8.0, 3.0, and 0 dB, respectively.  
For the same optical power, the shot noise power and the average electrical power are the 
same for all devices.  Thus a reduction of        is an indication of a lower laser RIN.  
In this way, the nano-VCSEL D3 (2.5 m) exhibits the smallest resonance peak 
amplitude of        and the laser RIN as compared with the larger modal dimension 
VCSEL devices.  This is a direct consequence of less mode competition in the nano-
VCSEL.  For VCSEL devices with larger mode spacing, fewer higher-order modes are 
within the maximum gain profile competing with the fundamental cavity mode.  With 
reduced gain competition between modes the carriers populate more efficiently to the 
fundamental mode, resulting less carrier competition and fluctuation coupling between 
the fundamental mode and higher order modes.  As a result, the mode partition noise and 
laser RIN in nano-VCSEL is much lower than the VCSELs with larger mode dimension 
for the same optical power.  
Figure 5.15 shows the measured peak amplitude of the laser intensity noise 
induced electrical power    (    |               ) of VCSEL devices against optical 
power injected into the photodetector.  The room temperature thermal noise per unit 
bandwidth is kTB = -174 dBm/Hz.  Due to the noise figure (~ 5.8 dB) of the 
preamplifiers, the thermal noise floor of measurement system is approximately       
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Figure 5.15   Measured peak amplitude of the electrical intensity noise power of VCSEL 
(i) D1, (ii) D2 and (iii) D3 versus optical power received at photodetector.  It shows the 
room temperature thermal limit (-174 dBm/Hz) and the electrical power of laser standard 
quantum limited noise (                 ).  
                        .  Note that the system thermal noise floor is 
independent of optical power, the laser intensity noise induced electrical power    
increases with optical power at 20 dB/dec, and the electrical power of laser standard 
quantum limited noise (                 ) increases with optical power at 10 dB/dec.  
Hence the dynamic range of the laser RIN measurement decreases with a reduced 
average optical power injection into the photodetector.  At low optical power the RIN 
measurement is limited by the thermal noise, at high optical power it is limited by the 
laser standard quantum limited noise.  For VCSEL D1 with d0 = 7.1 m, the measured    
is above both the thermal noise and the laser standard quantum limit.  As the optical 
mode dimension shrinks down to d0 = 4.6 m, the measured NL reaches the electrical 
power of laser standard quantum limit at high optical power.  For the nano-VCSEL D3 
with d0 = 2.5 m, it is hard to extract the precise value of laser intensity noise power NL 
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due to the almost 0 dB excessive noise figure (NFE < 1 dB among the whole 
measurement frequency range).  In this way, we estimate the upper bound of laser 
intensity noise power    |       |   |      
          |        
dBm/Hz, here the system thermal noise floor              dBm/Hz is applied.  In 
this way, NL of the nano-VCSEL is below the room temperature thermal limit (-174 
dBm/Hz), as shown in the shade region of Fig. 5.15.  Such a thermal noise limited nano-
VCSEL can be used in determining the noise figure of other optoelectronic components, 
also in high speed and high fidelity optical communication systems. 
 The measurement results show that the VCSEL device with smaller optical 
dimension exhibits lower RIN.  The single mode nano-VCSEL shows a larger mode 
spacing (3.1 nm), a lower threshold current ITH = 0.13 mA (20 
o
C), and larger modulation 
bandwidth (22.6 GHz at I/ITH = 10).  In addition, it displays nearly 0 dB excessive noise 
figure and the thermal noise limited laser intensity noise as a consequence of reduced 
mode competition and low power laser operation  
In conclusion, we investigate the optical modal dimension effect on the 
modulation bandwidth and laser RIN of the oxide-confined 850 nm VCSEL devices. For 
device with modal dimension d0 = 4.6 m, it exhibits 40 Gb/s error-free data transmission 
and a laser relative intensity noise approaching standard quantum limit.  By reducing the 
optical dimension, the laser RIN can be further reduced below the thermal limit, and the 
modulation bandwidth can be improved simultaneously.     
As a charge dynamic device, the VCTL can provide intrinsically faster 
recombination rate and lower minority carrier injection level than the VCSELs.  Hence 
the nano-cavity VCTL device is capable to provide higher modulation speed and lower 
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RIN than the VCSEL devices.  Based on the design and fabrication experiences in 
developing the high speed and low noise VCSELs, together with the understanding of the 
oxide confinement effect and optical mode control on the carrier-photon dynamics, the 
optical cavity and quantum well design of nano-VCTL devices can be improved.  In this 
way, the nano-VCTLs can be widely used in future application of high speed and low 
noise energy-efficient optical interconnects.   
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6. CONCLUSION  
The increasing demand of high speed optical communication networks propels the 
development of the next generation high speed energy-efficient optical transceivers.  To 
achieve this goal, the carrier-photon dynamics inside the laser cavity needs to be 
understood, and the optical cavity design and microwave parasitics of the devices need to 
be optimized.   Due to the relatively long cavity length (200 ~ 400 m) and slow 
recombination lifetime B (~ 1 ns), the edge-emitting FP DL (a charge storage device) is 
limited to around 10 Gb/s data modulation speed.  In contrast, the edge-emitting TL is a 
charge dynamic device.  By removing the slowly recombining carriers to the collector, 
the edge-emitting TL with a similar cavity length has shown a ~40x faster B (~29 ps) 
than the FP DL, resulting a “resonance-free” operation with 20 GHz bandwidth under 
moderate bias current (IB/ITH = 5).  Due to the fast B, we have demonstrated that a single 
QW TL is capable of simultaneous electrical and laser output data modulation at 20 and 
40 Gb/s, the fastest to-date for single QW long cavity laser devices.  
 In the analog communication networks the signal linearity is of major concern.   
The directly modulated edge-emitting FP DL is not suitable for such applications, since it 
exhibits significant signal losses at multiple stages of auxiliary external E-O conversion 
circuitry for generating ultra-linear signals.  In contrast, we have demonstrated that the 
TL provides a unique, compact, and efficient solution for direct E-O feedback 
linearization, without incurring signal losses at multiple stages of auxiliary external E-O 
conversion circuitry.   It is due to the inherent three-port simultaneous electrical/optical 
operation of a TL device.  By employing the collector current feedback linearization, 
both electrical and optical output signal linearity of the TL can be improved.  
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Besides the modulation speed and data/energy efficiency requirement, system 
noise of the optical link is another important issue.  By reducing the link noise, the 
system SNR during the signal transmission can be improved.  Among all kinds of the link 
noises, the predominant link noise is the laser RIN, which degrades the signal fidelity and 
BER.  The directly modulated edge-emitting FP DL is not suitable for high speed and 
high fidelity optical transmission systems, since it exhibits large laser RIN due to slow B 
(~ 1 ns) and relatively large laser linewidth.  Hence it is essential to develop novel high 
speed optical transceivers to overcome these limitations.  We have demonstrated that the 
TL exhibits an ultra-low laser RIN reaching the “standard quantum limit”, indicating 28 
dB lower than the FP DL at the same optical output power.  And by shifting the operation 
from the GS to the first ES, the laser RIN can be reduced.  The detail theoretical analysis 
indicates that the TL exhibits intrinsic advantages of (i) fast spontaneous recombination 
lifetime, (ii) high optical differential gain, and (iii) low minority carrier injection in QW.   
In order to achieve high speed and low noise directly modulated laser, another 
way is to employ a high Q short vertical cavity
9,10
 for photon confinement and the lateral 
oxidation process
11,12
 for current confinement, which result in the oxide-confined VCSEL.  
By optical mode control and parasitic reduction from layout design,  we have 
demonstrated a VCSEL with 40 Gb/s error-free data modulation, and ultra-low laser RIN 
reaching the standard quantum limit at I/ITH = 10.  By further reducing the optical modal 
dimension, we demonstrate an ultralow threshold (ITH = 0.13mA) nano-VCSEL device 
with higher bandwidth and lower RIN (thermal noise limited) as compared with the 
larger modal dimension VCSEL devices.   
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Recently we have demonstrated a selective oxide-confined VCTL operated at low 
temperature (-80 
o
C).  The design and fabrication experience of high speed low noise 
nano-VCSELs helps us to develop and optimize nano-cavity VCTL to achieve higher 
speed and higher energy efficiency data transmission operated at room temperature.  
Compared with the edge-emitting TL with relatively long cavity length, the nano-VCTL 
provides a higher optical cavity Q and higher bandwidth due to the reduced optical cavity 
length and parasitic capacitances. In this way, the nano-VCTL can achieve higher 
bandwidth (~ 100 GHz) with lower power consumption than the VCSEL due to its 
intrinsically faster B (~ 30 ps).   
In conclusion, we have demonstrated that the edge-emitting TL provides 40 Gb/s 
modulation capability, ultra-low laser RIN reaching the “standard quantum limit”, and 
unique three-port electrical-optical characteristics permitting E/O signal linearization via 
collector current feedback control.  In addition, we demonstrate the VCSEL devices with 
40 Gb/s error-free data transmission and ultra-low RIN, from which we accumulate 
experiences on the vertical cavity design and optical mode control effect.  By employing 
high Q vertical cavity design and optical modal control as well as reducing the parasitics, 
the nano-VCTL can achieve better performance than the edge-emitting TL and 
conventional VCSEL.  These key merits enable the TL in the applications of high speed 
and high fidelity optical communication systems and electronic/photonic integrated 
circuits. 
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